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Abstract
In the last few years, the growing need for light structural elements, with high stiffness and strength, along with the
need for appropriate assembly systems, namely for building rehabilitation, has fostered the development of new
solutions. These include sandwich panels and the corresponding snap-fit connection system presented in this
dissertation, whose goal is to contribute to the development of sandwich panels as an innovative technique in building
floor rehabilitation. In this dissertation, an experimental, numerical and analytical study is presented, first about the
mechanical assembly and disassembly behaviour, followed by another experimental and numerical study related to
the transverse bending behaviour of two types of panels: the multicellular Kookmin SF75H panels and the EasyFloor
sandwich panels (the latter still in development). Both panels are interconnected using a vertical snap-fit connection.
Each study comprised an initial experimental analysis vs. a numerical one of Kookmin SF75H panels to validate the
numerical modelling, followed by a numerical prediction of the behaviour of EasyFloor panels. In the analytical study
of the assembly behaviour, the objective was to assess the accuracy of the analytical methodology used for the
simplified study of the assembly mechanisms, namely to the assembly force. Finally, based on the aforementioned
studies, it was possible to attest the viability and potential of the EasyFloor sandwich panels for building floors,
regarding their assembly and disassembly behaviour, and also their bending behaviour in the transverse direction,
namely with respect to strength, stiffness and deformability of the panels and their connections.
Keywords: Sandwich panel, snap-fit connections, GFRP, assembly and disassembly behaviour, bending behaviour
in transverse direction, experiments, numerical analysis.
1. Introduction
Nowadays, building rehabilitation has a high
importance, especially in North America and in Europe,
due to the ageing built heritage. In our national context,
this problem is particularly severe. Around 1 million
buildings need rehabilitation [1], especially those built
before 1945, typically made of structural masonry and
wooden floors that are, for the most part, in poor condition
due to the lack of maintenance and rehabilitation [2].
In the last few years, several solutions have been put
forward based on composite materials, namely sandwich
panels made of glass fibre reinforced polymers (GFRP)
and low-density materials at their core, interconnected
with adhesive materials [3, 4]. Despite having important
benefits, such as lightness, high mechanical performance
and durability, this solution has some drawbacks, namely
the fact that the connection technology for these systems
is still poorly developed. This creates the need to not only
conceive more efficient systems to interconnect different
panels, but also the panels with the remaining structural
elements, because these must be properly
interconnected to achieve a monolithic floor and provide
a diaphragm behaviour, ensuring an efficient constructive
process. This way, the design of connections is one of the
greatest challenges in the development of these systems
for the construction and rehabilitation of building floors [3].
In this context, and taking into consideration the
existing systems on the market that were proposed so far
for structural application in these panels, there is a high
potential in developing an assembly interconnection
system for these structural panels, in particular for floor
rehabilitation, without requiring adhesives [5, 6]. The main
purpose of this study is to contribute to the development
of 2nd generation composite panels, made of GFRP skins
and with a PUR foam core (EasyFloor panels). In
particular, this study aims to investigate the behaviour of
a snap-fit-type vertical connection without adhesives to

interconnect these panels, with the purpose of: (i)
evaluating its viability for use in building floors and its
impact in terms of stiffness, stress distribution and failure
mechanisms in the set of interconnected panels; and (ii)
contributing for the current literature regarding the design
of snap-fit connections without adhesives between GFRP
panels. Therefore, a preliminary study was carried out
associated with the development and validation of the
connection system for the EasyFloor panels. This study
consisted in an experimental analysis of the multicellular,
commercially-available SF75H panels of the SouthKorean company Kookmin Composite Infrastructure, Inc.
(KCI). The latter panels were chosen because they
incorporate a vertical connection of the snap-fit type
comparable to the system under-development for the
EasyFloor sandwich panels, allowing the inference of
essential aspects about such connection systems’
behaviour, and calibrating and validating the techniques
and models used in numerical modelling. This aims at
providing a better understanding of the order of
magnitude of the forces and deformations involved in the
assembly and disassembly operations of the EasyFloor
panels and the behaviour of the snap-fit connecting
system of EasyFloor panels under bending in the
transverse direction, through the comparison between
modelling results of the two types of panels.
2. Description of the experimental programme
The focus of the experimental study was to
characterize the behaviour of the snap-fit connection of
the Kookmin SF75H panels. This characterization
comprised measuring the maximum forces for assembly
and disassembly, and the deformations and deflections
experienced by the connection elements during the
assembly process. As a final goal, the tests allowed the
behavioural characterization and evaluation of the
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connection in the transverse direction, in particular the
performance of the interconnection between Kookmin
SF75H panels in relation to the latch openings during the
assembly process, the strength needed for assembly and
disassembly and the strains that develop in the latches
during the assembly and disassembly operations.
Following this, it’s important to note that the tests of this
experimental campaign were only carried out for the
snap-fit connection of the Kookmin SF75H panels,
because the EasyFloor panels were still not produced
and, especially, because their snap-fit connections are
comparable. This allows us to have a better
understanding of the order of magnitude of the forces and
deformations involved in the assembly and disassembly
process of EasyFloor panels, through an extrapolation of
the behavioural data from the Kookmin SF75H panels to
the EasyFloor sandwich panels.
2.1 Materials and configuration of experiments
In terms of geometry, the Kookmin SF75H panels used
in the tests are made of GFRP with density of 1800
kg/m3 and have 2500 mm of length in the pultrusion
direction (direction 1). They present a multicellular, thinwalled cross-section with 7 tubular cells of 90 x 75 mm
and two asymmetrical details with a vertical snap-fit
connection along the panels’ side extremities. The walls
of the flange and the web are between 4 and 5 mm thick,
according to Figure 1a) and c).
Regarding the configuration of the experimental tests
to promote the assembly of adjacent panels through
vertical movements, it consisted in subjected each of the
6 test specimens1 to 2 successive assembly and
disassembly processes, via an imposed movement, at
constant speed, with an INSTRON 8800D hydraulic press
of LERM, as illustrated on Figures 1b) and c.).
Each of the individual panel modules in the specimen
represents half-width of a complete panel, presenting
387,5 mm of length and 300 mm of depth in direction 1
(Figure 1c)).
2.2 Description of the experimental procedure
For the experimental tests, 6 specimens (a total of 12
individual panel modules) were prepared according to the
aforementioned configuration. The focus of the

experimental procedure was designed to promote a
reproducible and controllable connection behaviour to
guarantee that the induced connection behaviour was
reasonably representative of the on-site assembly and
disassembly behaviour of Kookmin SF75H panels.
However, it is important to mention that on the
construction site the connection methodology is much
less controlled, since the application of the force is done
dynamically, and the support system allows for a greater
flexibility in comparison with the one adopted in the
present tests. To ensure that, the individual modules were
cut and prepared with the dimensions specified above, it
was used circular saws (longitudinal cuts) and a dicing
saw (transverse cuts). Then, the modules were placed in
a drying chamber (minimum of 1 week) to dry the
modules obtained from the wet cuts. Once the drying
period was over, the surface of each module was painted
with the target points for the snap-fit connection cells.
These target points, combined with a video
extensometer, were used to monitor how much the latch
opened during the assembly of each specimen.
To execute the tests, a universal hydraulic testing
machine (Instron 8800D) with adjustable hydraulic
clamping grips (Figure 2a)) was used. The tests were
carried out under displacement control, with the imposed
displacement being monotonically applied at a speed of
9,96 mm/min until complete assembly/disassembly of the
tested modules. This experimental procedure was
executed at room temperature between 24 and 26ºC,
with relative air humidity between 53% and 58%. The
positions of the above-mentioned target-points were
monitored during the tests, at a frequency of 5 Hz, using
a high-definition video-extensometer composed of a
Sony XCG-5005E Camera and a Fujinon - Fujifilm
HF50SA-1 lens, supported by a tripod (Figure 2a) and b)).
The scanning and registration of the load and
displacement applied by the testing machine during the
assembly/disassembly process and the deformations
measured by the video extensometer were monitored
with a PC connected to a data acquisition unit
(datalogger), using LabVIEW software. Concerning the
instrumentation and measurement of the strains in the
interior latches of the snap-fit, was used two 6 mm strain
gauges per latch (Figure 2c)), connected to the same
data acquisition system.

a)

b)
a

a

)

)

c)

Dimensions in (mm)

Figure
1 - a) connection of two adjacent Kookmin SF75H panels; b) test system used; and c) specimen geometry.
a
)
1

Test specimen - each specimen consists in two individual panel
modules, disposed in an asymmetric manner against each other.
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In this context, it is important to note that due to the
numerical results of the stresses (discussed in subsection
3.1.2.), along with the time and space constraints in
relation to the expected results, one decided to monitor
only the last two specimens (specimens 5 and 6).
3. Numerical study
This chapter presents the numerical study divided into
2 main phases in order to subsequently compare the
numerical results with the experimental results from the
tests described by Sá [7] and in chap. 2.. In the initial
phase (subsection 3.1.) a description of the numerical
simulation of the assembly and disassembly processes
for the two types of panel is presented, and a comparison
is made between the numerical and the experimental
results obtained for the Kookmin SF75H panels for the
purpose of subsequently validating the numerical
methodology and the corresponding predictions of the
assembly and disassembly behaviour, based on the
numerical results of EasyFloor sandwich panels. In the
second phase (subsection 3.2.), a description is made of
the numerical simulation of the connections’ transverse
bending behaviour for the Kookmin SF75H and
EasyFloor panels, validated via a comparison between
the numerical and the experimental results of the
Kookmin SF75H panels provided by Sá [7] for the
purpose of subsequently predicting the behaviour of the
snap-fit connecting system of EasyFloor panels under
bending in the transverse direction.
The main objectives of this numerical study were: i) to
evaluate the accuracy of the numerical models in terms
of Force vs. displacement (F-𝛿), initial damage and
damage evolution, and consequently the validity of the
numerical modelling techniques employed; (ii) to analyse
the transverse mechanical behaviour with respect to
stresses and deformations induced in the latches of the
snap-fit assembly and how they relate to the fracture
modes observed, respectively, in the Sá´s experiments
[7] and the ones described in chap. 2.; (iii) to evaluate the
ability of the Hashin damage initiation criterion to predict
the load corresponding to the first damage (initial damage
load and linear elastic limit load); (iv) to identify the main
damage areas and failure modes, including the behaviour
of progressive failure; and (v) to evaluate the forces
involved and the deformations installed in the latches due
to the process of panel assembly and disassembly.

3.1 Numerical modelling of the assembly and
disassembly process
3.1.1 Description of the numerical modelling
In the numerical simulation of the snap-fit assembly
and disassembly behaviour of the panels under study, a
finite element model was developed, where the Kookmin
SF75H panels consisted of two horizontal faces and
vertical webs in GFRP, with a density of 1800 kg/m3 and
a variable thickness of 4 and 5 mm, according to Figure
1c). The simulated panel represents half-width of a
complete panel, having 387,5 mm in length and 75 mm in
height in the transverse plane. As for the EasyFloor
panels, the vertical webs have the same properties of the
faces, and include a polyurethane (PUR) core with a
density of 40 kg/m3 and a thickness of 130 mm. As for the
overall dimensions, the simulated panel is 253 mm long
and 140 mm tall in the transverse plane (half of a
complete panel).
For both models a quasi-static dynamic analysis
(“Dynamic-Implicit: Quasi-static” option in Abaqus®) was
considered, taking into account the geometrically nonlinear effects. For the finite element mesh, defined on the
basis of a mesh sensitivity study, 4-node 2D
quadrangular elements with reduced integration and
hourglass control (CPS4R) [8] were used (Figure 3).
Regarding the properties of the materials, all of them
were modelled considering their elastic and strength
properties (strength values are associated to the damage
initiation and damage progression models considered in
the software). These properties were obtained in
characterization tests recently carried out at IST, whose
results have not been published yet, or based on values
found in the literature whenever direct experimental data
were not available [7, 9, 10]. The GFRP material was
considered orthotropic with non-linear elastic behaviour,
which included progressive damage, while the PUR core
was modelled as an isotropic, elastic and linear material.
All these properties were considered in the model through
a set of partitions in the geometry of the panel model, in
order to ensure a realistic simulation.

b)

a)
a
)

For these purposes, the commercial software
Abaqus® (Abaqus/Standard) was adopted using twodimensional models. This option is explained by the fact
that the Hashin damage initiation criteria is implemented
in the software only for 2D elements.

c)
a

a

)

)

Figure 2 - Equipment used in the tests: a) universal hydraulic testing machine Instron 8800D, high-definition videoextensometer; and b) electric strain-gauges.
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Figure 3 - Numerical simulation of the assembly and disassembly of the SF75H panels by Kookmin (left) and EasyFloor (right).

Regarding the properties of the interaction between
the GFRP elements in contact in the model, a tangentialnormal friction behaviour was adopted for the interactions
between the various surfaces of the snap-fit assembly,
with the coefficient of friction (μ) varying between 0,2 and
0,4 (defined based on a parametric study). Concerning
the interaction between the PUR core and the GFRP
elements, a cohesive interaction was considered through
the standard method of cohesive contacts available in the
software for tension/separation behaviour scenarios.
Finally, for the support conditions, it was defined that
only the lower and upper faces of the top panel be
restricted. In this situation, the vertical movement of the
nodes and their rotation along the axis perpendicular to
the plane were blocked. Regarding loading, a
displacement was imposed to a previously defined
reference point linked to the panel model through a
“Coupling” interaction.
3.1.2 Results and discussion
Table 1 and Figure 4 present the experimental results
of the 1st assembly vs. the numerical simulation of the
Kookmin SF75H panels.
Table 1- Experimental vs. numerical results.

Disassembly Assembly

Numerical:
Kookmin SF75H
(µ= 0,20)
(µ= 0,25)
(µ= 0,30)
(µ= 0,40)
(µ= 0,20)
(µ= 0,25)
(µ= 0,30)
(µ= 0,40)

Disassembly 1

Assembly 1

Experimental:
Kookmin SF75H
P1
P2
P3
P4
P5
P6
P1
P2
P3
P4
P5
P6

𝑭𝑴𝒂𝒙
[kN]

𝒂𝑴𝒂𝒙
[mm]

𝑻𝒐𝒑

𝒂𝑩𝒐𝒕𝒕𝒐𝒎
𝑴𝒂𝒙
[mm]

𝜺−𝑴𝒂𝒙
[μm / m]

0,97
1,19
1,42
1,82
4,09
4,55
Failure
Failure

0,761
0,763
0,766
0,767

0,760
0,764
0,766
0,767

2741
2735
2733
2714
6428
6501
Failure
Failure

𝑭𝑴𝒂𝒙
[kN]

𝒂𝑴𝒂𝒙
[mm]

𝑻𝒐𝒑

𝒂𝑩𝒐𝒕𝒕𝒐𝒎
𝑴𝒂𝒙
[mm]

̅ [kN]
𝑭

1,69
1,28
1,27
0,76
1,67
1,17
4,86
3,42
3,57
0,71
2,67
2,24

0,651
0,352
0,401
0,208
0,474
-

0,633
0,821
0,732
0,414
0,636
-

1,41±0,24

𝜺−𝑴𝒂𝒙 [μm / m]

-2084,5
-1649,7

3,95±0,80
-3404,3
-1441,9

Table 1 presents an overview of all the results studied
for both the experiments and numerical models. Figure 4
presents the F-δ curves associated with the assembly

and disassembly process, along with the most notable
points to mark the initiation of damage, in particular for
the disassembly.
The results presented in Table 1 and Figure 4 show
that the numerical results were very similar to the
experimental results for maximum assembly forces,
maximum disassembly forces and maximum latch
opening during the assembly process. Is can also be
seen that the coefficient of kinetic friction µ=0,25 is, in
general, the one that offers the best agreement. By the
numerical vs. experimental results comparison of latch
openings and the disassembly forces, it is possible to
observe that numerical modelling is slightly more “rigid”
and conservative than the experimental results, which is
to be expected - since geometrical imperfections, uneven
clearances and other local effects on the existing
specimens are not reproduced in the numerical models.
Regarding to the registered strains (compression), the
numerical results are higher in comparison to the
experimental ones, in particular for the disassembly.
Overall, these results highlight that numerical models are
more conservative mostly due to: (i) the higher “rigidity”
presented by the numerical models, in particular for
disassembly, in comparison to the measured behaviour,
as they neglect the geometrical imperfections, uneven
clearances and local effects in numerical models, and
whose effect is significant in the experimental results; (ii)
the numerical simplifications of the mechanical properties
of the materials, given that the considered partitions
resulted only in an approximation of the real behaviour
and properties of the panel; (iii) particularly in the
disassembly, the tensile damage predicted numerically in
the inner latches that open for disengagement, which
experimentally did not occur, causes the sectional area of
the latch to be reduced, thus increasing the numerically
predicted stresses. This is due to the degradation model
of the properties of the material associated with the
numerical damage of the tensile matrix and consequent
greater need of contribution of the material to the
compression for the strength of the latch that deflects.
Here, it is important to note that for the numerical results
of the disassembly process referring to the coefficients of
kinetic friction µ=0,3 and µ=0,4, the values were not
analysed. This is due to the fact that these undergo
significant damage in the top and bottom glass fibre
faces, which even leads to their failure and prevents the
complete disassembly of the latches.
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Figure 4 - F-δ graphs of the numeric vs. experimental results for Kookmin SF75H panel.

Regarding the initiation and progression of the damage
observed both numerically and experimentally (based on
Hashin damage criteria with a damage progression
model implemented on Abaqus® software) considering
only the disassembly process results, a good correlation
was found between the failure modes and the locations
where the damage was observed at the numerical
models and experiments. However, it was also observed
that, besides the damage registered in the experiments,
the numerical models predicted the existence of damage
in other locations, in particular on the interior latches that
open to allow disassembly and on the top and bottom
GFRP faces of the connection cell (Figure 5). However,
from an experimental standpoint, this damage was not
clearly observed. It is possible that this stems from the
numerical model being more “rigid” and conservative
compared to the experimentally observed behaviour, as
the model does not take into consideration the effects of
geometrical imperfections, uneven clearances or the
local effects that may change the disassembly system’s
flexibility and the material’s damage (Figures 4 and 5).
Finally, according to the presented results, and due to
the fact that the numerical predictions are, overall, very
similar to the behaviour observed during the experimental
tests, in particular in what concerns the assembly and
disassembly forces, maximum opening of the latches in
the assembly process and the prediction for initiation and
progression of damage, it can be concluded that the
modelling methodology used to simulate the
assembly/disassembly procedure for these composite
panels interconnected with a snap-fit connection is overall
validated.

Subsequently, the EasyFloor panels’ assembly and
disassembly behaviour was modelled, considering a
coefficient of kinetic friction of µ = 0,25 (in light of the
results obtained for Kookmin SF75H panels). The results
obtained are summarized in Table 2, showing that the
EasyFloor panel presents forces and stiffness
considerably higher to those of the Kookmin SF75H
panel, especially during disassembly. Based on these
results, it can be seen that the forces required to
assemble and disassemble the two connections are
intimately related with three elements: (i) the intrinsic
properties of the material and the coefficient of kinetic
friction of its surface; (ii) the latch geometry in the snap-fit
connection of each panel and the opening necessary to
allow for assembly and disassembly; and (iii) for
disassembly, the geometry of the retaining protrusion.
From these results it can also be verified that there is
a close link between the latch opening to allow assembly
and the assembly force: the higher the necessary
opening, the higher the assembly force and,
consequently, its resistance to the assembly procedure.
Regarding the initiation and progression of the damage
in the numerical model for the assembly and disassembly
of the snap-fit type connection used in the EasyFloor
panels, one may observe that the progression of damage
differs from that observed in the numerical results for the
Kookmin panels, given that it was observed damage to
the matrix tensile failure during the assembly process.
This difference in the assembly behaviour in regard to
the damage happens essentially due to EasyFloor
latches needing a 50% larger opening than what is
necessary for the Kookmin panels, which leads to higher

Figure 5 - Comparison between the experimental vs. numerical modelling results (µ= 0,25) of the damage observed during
disassembly.
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Table 2 - Numerical results for the assembly and disassembly
process of Kookmin SF75H and EasyFloor panels.
𝑭𝑴𝒂𝒙 [kN]

𝒂𝑴𝒂𝒙 [mm]

0,97
1,19
1,42
1,82
4,09
4,55
Failure
Failure

0,761
0,763
0,766
0,767
1,192
1,317
Failure
Failure

𝑭𝑴𝒂𝒙 [kN]

𝒂𝑴𝒂𝒙 [mm]

µ= 0,2
µ=0,25
µ=0,3
µ=0,4
µ= 0,2
µ=0,25
µ=0,3

Force per unit
width [kN/m]
3,23
3,96
4,73
6,07
13,66
15,16
Failure
Failure
Force per unit
width [kN/m]
3,86
4,82
5,72
7,68
19,55
22,43
25,63

1,16
1,45
1,72
2,30
5,87
6,73
7,69

1,1824
1,1879
1,1881
1,1881
0,8346
0,8390
0,8420

𝒂𝑩𝒐𝒕𝒕𝒐𝒎
𝑴𝒂𝒙
[mm]
0,760
0,764
0,766
0,767
1,192
1,316
Failure
Failure
𝒂𝑩𝒐𝒕𝒕𝒐𝒎
𝑴𝒂𝒙
[mm]
1,1826
1,1880
1,1882
1,1883
0,8340
0,8387
0,8418

µ=0,4

34,17

10,25

0,8505

0,8504

Disassembly Assembly

Kookmin
µ= 0,2
µ=0,25
µ=0,3
µ=0,4
µ= 0,2
µ=0,25
µ=0,3
µ=0,4

Disassembly Assembly

EasyFloor

𝑻𝒐𝒑

𝑻𝒐𝒑

tension on the latches and, consequently, matrix tensile
failure. This is an aspect that must be carefully assessed
and controlled after the production of the first panel
prototype, to confirm whether such damage actually
occurs in the panels.
Concerning disassembly, unlike what was observed
for the Kookmin panels, only one mode of failure was
predicted according to the Hashin criteria (matrix tensile
failure, “HSNMTCRT” in the Abaqus® outputs). Figures
6a), b), c), and d) present the progression of this damage,
determined according to the Hashin criteria.

Figure 6 - Damage progression of the tensile matrix failure
during assembly: a) 1st damage, b) damage incurred from the
maximum force; and on disassembly: c) 1st damage d)
damage incurred from the maximum disassembly force.

The moments of analysis are the instant in which the
force corresponding to the 1st tensile matrix damage
occurs, determined numerically for the coefficient of
kinetic friction µ = 0,25 (𝑭e=1,09 kN; 𝑭d=6,02 kN), and
the instant that precedes the complete assembly and
disassembly (maximum forces registered in Table 2,
corresponding to the maximum damage progression).
Therefore, given the results obtained, namely (i) the
numerical prediction for the assembly and disassembly
behaviour of the EasyFloor panels, and (ii) for Kookmin
SF75H panels, the great similarity between the numerical
and experimental results, and the ease of application on

site observed in the bridge application carried out in Sá´s
work [7], the same ease of application (only with the
manual force of the workers) can be foreseen for the
EasyFloor panels, because the numerical results for
SF75H and EasyFloor panels are similar, namely with
regard to the assembly force. To that end, it should also
be mentioned that the methodology of assembly on site
should be identical to the one observed in the execution
of the bridge projected by Sá. As mentioned, this
methodology is slightly different from that considered in
the experimental studies of this dissertation. Having said
this, one may conclude that the viability of this snap-fit
connection system to interconnect EasyFloor panels in
rehabilitation of building floors is high, owing to its
predicted ability to be assembled easily and quickly,
without the need for specific machines (only with the
manual force of the workers).
3.2 Numerical modelling of the bending behaviour in
the transverse direction
3.2.1 Description of the numerical modelling
The numerical simulation of the bending behaviour in
the transverse direction of the Kookmin SF75H panels
followed the conditions of the experimental tests
described by Sá [7]. The geometry described in
subsection 3.1.1. was adopted for those models. As for
the EasyFloor panels, although the geometry described
in subsection 3.1.1. has also been considered, the overall
dimensions were changed: the simulated panel
represents a complete panel, 500 mm long and 140 mm
thick in the transverse plane. Steel elements were added
in both models, to simulate the conditions of supports and
loading of the model. For the support conditions,
triangular elements with a base of 50 mm and height of
25 mm were introduced, while triangular elements with a
30 mm base and 15 mm in height were introduced for
loading conditions.
Regarding the type of analysis, a static analysis
(“Static, General”) was considered. The finite element
mesh comprised 2D, triangular elements, of the CPS3
type from the Abaqus® catalogue, 3-node per element
type for the GFRP elements and quadrangular elements
of the CPS4R type, and 4-node type for the PUR core
elements and steel. This combination yielded the best
results in the mesh sensitivity studies, in terms of results
convergence vs. computational cost (Figure 7).
The modelling of materials, their properties and
partitions in geometry were achieved in the same way as
described in subsection 3.1.1.. As for the new steel
elements, they were simulated with the typical properties
of steel (modulus of elasticity: 210 GPa; Poisson
coefficient: 0,3), as an isotropic material, elastic and
linear. With respect to the interactions between the GFRP
elements of the snap-fit connection and between the
GFRP elements and the PUR core for the EasyFloor
panels, they were defined in the same way as described
in subsection 3.1.1..
However, in these models, only the coefficient of
friction μ=0,25 was considered for the frictional interaction
of the snap-fit connecting elements, as it produced the
best results in the previous models of assembly and
disassembly of these panels.
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Figure 7 - Numerical modelling of the bending behaviour in the transverse direction of the SF75H panels by Kookmin (left) and
EasyFloor (right).

As for the interaction between the steel elements and
the GFRP elements to which they are connected, the
same type of cohesive interaction was defined as the
connection of the core with the GFRP. Finally, hinged
support conditions (fixed and sliding2) were imposed at
the vertex of the triangular elements used to simulate the
supporting conditions, while loading was applied by a
displacement imposed at the vertex of the triangular
elements in the panel’s upper face, corresponding to a 4point transverse bending mode.
3.2.2 Results and discussion
In the first phase of this section, Table 3 and Figure 8
show the main results of the preliminary tests performed
by Sá [7, 9] as well as the numerical modelling results
regarding the transverse bending behaviour of Kookmin
SF75H panels. The four key physical variables for this
comparison were: (i) Fe, experimentally related to the load
that produced the 1st visible damage, and numerically
related to the moment the 1st damage occurred both from
modes of tensile failure (matrix – “HSNMTCRT”, and
fibres – “HSNFTCRT”) and consequent loss of stiffness
as seen in the curve of Figure 8; (ii) Fu, is considered, in
both results, as the final load associated with the
maximum amount of force; (iii) de e du, are the values of
the vertical deformation at mid-span for Fe and Fu,
respectively; and (iv) the opening between panels at the
moment associated with Fe (yield strength) and Fu
(ultimate strength). As for the results of stiffness and
strength to transverse bending, evaluation of the
transverse elastic stiffness (Kf,T) was based on the slope
of the linear branch of the curve in Figure 8, while the
strength was evaluated based on the relation with Fu.
Both values were measured considering 1 m of panel
width in longitudinal direction.
In Table 3 and Figure 8, a slight difference can be
observed between the experimental and numerical
results. The development of the numerical curve is more
gradual compared to the experimental curve, where
significant drops in load occur associated with the
progressive failure of the Kookmin panels, which is not
fully reproduced by the failure criteria and damage
progression models considered in the FEM.

2

Sliding support: 1 DOF restricted (vertical displacement (𝒖𝟐 ) and 2
DOF unimpeded at the node (horizontal displacement (𝒖𝟏 ) and rotation
about axis 3 (𝒖𝑹𝟑 ).

Figure 8 - Curves of F-δ at mid-span relative to the
experimental tests (grey) and numerical modelling (blue).

Another aspect considered, which influences the
analysis and comparison of the experimental results with
the numerical ones, is the significant variability in the
experimental results, which according to Sá results from
the inherent variability of the mechanical properties of the
material (between 20% and 30%) [7, 9]. Therefore, it was
found that the numerical model, although slightly
conservative, generally led to consistent results with the
average development obtained from the experimental
results, in particular for the range of mean values related
to the above quantities (Fe, Fu, Kf,T, Rf,T), something that
would also be expected since: (i) the numerical models
do not take into account possible geometric
imperfections, uneven clearances and local effects, or
even the inherent variability of mechanical properties; and
(ii) the methodology to apply mechanical properties and
damage to the material, implemented numerically as
closely as possible (through partitions), but which still only
constitutes an approximation of the actual panel
characteristics and behaviour. Thus, with respect to the
first analysis of numerical results and to the experimental
results obtained by Sá, there is a reasonable agreement
between the numerical modelling and the experimental
results. This modelling is therefore able to simulate, in
general and in a slightly conservative way, the
mechanical behaviour of these panels in transverse
bending, especially in the context of elastic behaviour.

Fixed support: 3 DOF restricted with the exception of the rotation about
axis 3 (𝒖𝑹𝟑 ).

7

Mechanical behaviour of snap-fit connections in composite sandwich panels for building floor rehabilitation
Table 3 - Experimental results [7, 9] vs. numerical results of Kookmin SF75H in transverse bending.
Yield Strength
Load

Deflection

Opening between
panels

Ultimate Strength
Opening between
panels

Load

Deflection

Fe [kN]
de [mm]
U1 [mm]
Fu [kN]
du [mm]
1,1 ± 0,5 (0,73) (1)
10,0 ± 4,0
1,5 ± 0,4
52,3 ± 2,2
0,682
5,947
1,285
Numerical
1,587
23,122
(-38%) (2)
(-40,1%) (2)
(-14,3%) (2)
(1) Maximum yield load relative to failure load (between parenthesis).
(2) Percentage reduction ratio presented by the numerical results in relation to the mean experimental results.
(3) Definition and identification of test pieces used in the experimental tests by Sá [7].
Series
FTn. (3)

Regarding damage initiation and progression, Figure 9
shows the F-δ curve of the numerical results, where six
key points of damage initiation and progression
processes in the panel joints are highlighted. In this
diagram, it is possible to observe that after the first
damage related to tensile failure (matrix (1) and fibres (2))
in the lower joint latch, the curve gradually loses stiffness,
resulting in a physically non-linear response of the
material. On the contrary, at the experimental level, after
the first visible damage in the material (end of the linear
behaviour of the material), this is generally identifiable in
the F-δ curves by a sudden reduction of strength. This
shows that the 1st damage recorded experimentally
(moment of sudden strength reduction) is associated with
the moment of the 1st damage associated with tensile
failure (tensile failure indices of the matrix (1) and the fibre
(2) equal a value of one (𝑰𝒎𝒕_𝑯 = 𝑰𝒇𝒕_𝑯 = 𝟏)) in the lower
joint latch, because it is after these moments that it is
possible to identify the first loss of stiffness in the
numerical curve of the Kookmin SF75H panel. All modes
of failure and the area where they occur are shown in the
close-ups along the curve of Figure 9. Red elements
represent completely damaged elements (variable
𝑰𝒊𝒋_𝑯 =1), while blue elements indicate undamaged areas
(variable 𝑰𝒊𝒋_𝑯 =0). Regarding the damage progression
model that describes the material’s degradation after
damage initiation in each failure mode, a particularly
critical effect is observed in the mode of the tensile matrix
damage (6) in the same area where damage was
initiated. This is where a unit value is reached for its
failure index, meaning the total loss of resistance of the
tensile matrix in the latch of the lower joint.

3

Figure 9 - Numerical curve of F-δ highlighting of six key points
related to damage initiation and progression.

Therefore, in terms of damage initiation, especially with
respect to the modes of failure of the tensile strength of

Stiffness

Strength

(by m in longitudinal direction)

U1 [mm]

Kf,T [kN/m/m]

Rf,T [kN/m]

-

611 ± 10%
602,9
(-1,33%) (2)

7,6 ± 23%
6,425
(-18%) (2)

8,514

the matrix and the fibres (𝑰𝒎𝒕_𝑯 = 𝑰𝒇𝒕_𝑯 = 1) ((1) and (2)),
since these are the modes that show a stronger
association with the experimental initiation of the
damage, verify that the numerical results are slightly
conservative in relation to the experimental results of the
1st
observed
damage
(between
-38%
and
-68% of the values obtained experimentally).
Finally, it is important to mention the typical failure
behaviour registered at the experimental tests and
numerical model, since it was observed a great similarity
between the modes of failure observed in the tests and
the one observed numerically. This was particularly
noticeable in the typical failure mode from the
experiments, which consisted in the evolution from
damage initiation (fissure) to the fracture of the latch due
to its excessive rotation at the attachment to the
corresponding vertical rib (web), ultimately leading to the
loss of contact and friction between the snap-fit elements
(Figure 10).
By virtue of the analysis presented in this subsection,
it is possible to verify the general validity of the numerical
predictions of the developed model for the modelling of
preliminary studies on transverse bending.

a)

b)

Figure 10 - Typical behaviour of rupture/collapse: a)
experimental tests; and b) numerical model.

Regarding the behaviour of the EasyFloor panel in 4point bending along the transverse direction, it is of
interest to note, before presenting the results, that the
EasyFloor panels have a free span about 2 times longer
than that of the Kookmin SF75H panel. This is a matter to
take into consideration when making a direct comparison
between the numerical studies of both panels. By
observing the F-δ plots shown in Figure 11, it can be seen
that the EasyFloor panel exhibits significantly higher
strength and stiffness (116% and 15%, respectively)
compared to the Kookmin SF75H panel. Consequently,
less deformability is observed, and that is reinforced by
the fact that the modelling of the EasyFloor panel
presents twice the free span compared to the Kookmin
SF75H. After comparing the values recorded for both
numerical models with regard to the opening in the lower
joint of the connection (U1), a clear superiority of the
EasyFloor panels is observed, which goes hand-in-hand
with what has already been verified to the deformability
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behaviour. Finally, with respect to the analysis of damage
initiation and progression, the damage initiation is
governed by tensile matrix strength (HSNMTCRT), such
as in the Kookmin panel.
From the analysis of the data presented in Figure 11,
it can be concluded that the EasyFloor panels reveal a
load associated with the 1st tensile matrix damage about
33% higher than the Kookmin panel, but also a prediction
of a more premature occurrence of fibre rupture due to
compression. This last behaviour is justified by the slight
differences in the mechanical and damage properties
considered in the implementation of the Hashin criteria, in
particular the fibre strength to GFRP compression.

4. Analytical study of the assembly process
4.1 Description of analytical methodology
This section presents an analysis of the forces and
deformations that occur during the assembly process
using an analytical methodology developed to study
snap-fit assembly connections, based on the EulerBernoulli beam theory, and founded on the following
hypotheses: (i) the maximum opening of the extremities
of the latches during assembly corresponds to the
dimension of the latch protrusion; (ii) the only force acting
on the latch during the assembly process is the assembly
force; (iii) the behaviour of the material is elastic and
linear; and (iv) all the hypothesis inherent to the EulerBernoulli beam theory hold true. In order to apply the
equations presented in this analytical methodology as
directly as possible, the panel connection latches were
analysed conservatively, as if they were a fixed cantilever
snap joint. Thus, in order to evaluate the required
assembly force for the fitting (W) and the maximum
opening of the fitting latch (ymax) that develop in the
connection, the following analytical expressions have
been used (Equations 1, 2 and 3),
𝒚𝒎𝒂𝒙 =

;
𝑯𝟎
( µ + 𝒕𝒂𝒏(𝜶))
𝑾=𝑷×
𝟏 − ( µ × 𝒕𝒂𝒏(𝜶))
𝒃 × 𝑯𝟎 𝟐 𝑬 × 𝜺𝒂𝒍 𝟑 𝑬𝑰 × 𝒚
𝒃 × 𝑯𝟎
𝑷=
×
=
; 𝑰=
𝟔
𝑳
𝑳𝟑
𝟏𝟐

Figure 11 - Curve of F-δ at midspan from the numerical results
for EasyFloor and Kookmin SF75H panels.

Therefore, the initiation of damage is verified for the 4
modes of rupture considered by the Hashin criteria;
however, it is only possible to observe a more significant
loss of stiffness when the ultimate mode of failure
(compressive matrix (4)) is initiated at the level of the F-δ
numerical curve in the panel. Nevertheless, there is still a
subsequent slight increase in load. This is due to an
inherent advantage of the geometry of the snap-fit
connection in the EasyFloor panel that allows the residual
strength of the upper joint to take additional loading,
despite the failure of the lower joint, until the initiation of
tensile matrix failure at that joint. From this instant, the
panel in transverse bending undergoes a gradual loss of
strength until collapse (Figure 11 and 12).
Finally, the typical final failure of the EasyFloor panels
in transverse bending is caused by the excessive rotation
of the latch and consequent rupture in the lower joint
connection by separation from the connecting rib (Figure
12).

Figure 12 - Numerical typical final failure of the EasyFloor
panels in transverse bending.

Thus, regarding the transverse bending behaviour, the
results suggest that these panels hold high potential as a
structural element, in particular in the construction of
building floors.

𝟐 𝜺𝒂𝒍 × 𝑳𝟐 × 𝑲
𝟑

(1)
(2)
(3)

where: 𝜺𝒂𝒍 - maximum strain allowed by the material
−
(𝜺𝒂𝒍 = 𝑴𝒊𝒏 (𝜺+
𝒂𝒍 ;𝜺𝒂𝒍 ); 𝑳 - length of latch between base
and protrusion; 𝑯𝟎 - thickness of the latch at the base of
the cantilever; 𝑲 - constant of proportionality in the case
of cantilevers with variable cross-sections; 𝒃 - width of
the latch; 𝑬 - modulus of elasticity of the material (in the
transverse direction relative to pultrusion; 𝜶 - angle of
entrance of the latch; and µ - coefficient of friction of the
surface of the latch.
As a result, the Equations 1, 2 and 3 define the
analytical expressions necessary to estimate the
assembly force (W) necessary to produce a certain
opening (y) in the latch and the maximum allowable
opening of the latch (ymax) in the snap-fit assembly.
4.2 Results and discussion
This section presents the results of the analytical
simulation used to estimate the behaviour of the snap-fit
assembly of the Kookmin SF75H and the EasyFloor
panels, in particular, the force of assembly, in comparison
with the numerical and experimental results mentioned in
the subsection 3.1.2..
Table 4 presents the results concerning the application
of the analytical expression of the assembly force
necessary to cause an opening in the fitting latch similar
to those registered at the experimental tests and
numerical models for each respective panel. For this
purpose, in the case of Kookmin SF75H panel, this study
considered a deflection resulting from the mean of the
average deflection recorded at the experimental tests,
with its numerical recorded deflection value associated
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with the kinetic coefficient of friction in analysis. For the
EasyFloor panel only the numerically recorded deflection
was considered.
Table 4 - Comparison of analytical, numerical and
experimental results of the assembly force.

Assembly

Panel typology
SF75H
(Kookmin)

𝑭𝑴𝒂𝒙

EasyFloor

𝑭𝑴𝒂𝒙

[kN]

[kN]

Experimental
results
1,45±0,23

Numerical
results
(µ=0,20) 0,97
(µ=0,25) 1,19
(µ=0,3) 1,42
(µ=0,4) 1,82
(µ=0,20) 1,16
(µ=0,25) 1,45
(µ=0,3) 1,72
(µ=0,4) 2,27

Analytical
results
(µ=0,20) 1,39
(µ=0,25) 1,56
(µ=0,3)
1,74
(µ=0,4)
2,12
(µ=0,20) 0,99
(µ=0,25) 1,16
(µ=0,3)
1,33
(µ=0,4)
1,68

Therefore, a first observation of the values seems to
show a relative similitude between the analytical results
with the numerical and experimental ones, essentially in
what concerns the order of magnitude of the required
forces for assembly. However, one may observe that for
the Kookmin SF75H panel, the analytical results are
relatively conservative in comparison with numerical and
experimental results; on the contrary, the analytical
results regarding the EasyFloor panels suggest slightly
lower assembly forces than those estimated with the
numerical models. This difference, apart from the
inherent simplifications of the analytical methodology and
the geometry of the connection, may be due to the
existing friction between the vertical surfaces on the
lateral faces of the interconnected panels, which is not
taken into consideration in the analytical expressions and
that might be of some significance in the results regarding
assembly forces; in fact, the importance of friction is
clearly observable in the obtained results, particularly in
the numerical ones where larger contact areas are
simulated.
Considering the underlying simplifications of the
analytical methodology, along with the geometric
simplifications that are considered when applying it to this
case, it is acknowledged that the conservative nature of
the analytical results with respect to the numerical and
experimental ones may be due, in great part, to the fact
that the analytical simulation uses a more rigid
methodology than the behaviour of the snap-fit assembly
system during the numerical modelling and the
experimental procedure. To this, one must add the fact
that the analytical methodology does not take into
consideration the effects of the material’s physically nonlinear behaviour, as well as geometrical nonlinearity,
during the assembly procedure. Nevertheless, as for the
comparison between the numerical and analytical results,
a great influence of the coefficient of friction between the
surfaces in contact over the resulting assembly forces is
seen.
Therefore, taking into account the general agreement
between the three sets of results, one may infer that this
methodology, albeit simplified, is acceptable to obtain an
approximate and relatively rapid estimate of the order of
magnitude of the predicted assembly forces for the
behaviour of such connections in these composite
panels.

5. Conclusions
The present study showed that the snap-fit connection
type without adhesives used to interconnect composite
panels, in particular for the EasyFloor sandwich panel
now in development, has a great potential for application
in structural floor panels for building rehabilitation.
Through the experimental, numerical and analytical
studies presented here, may be drawn the following
conclusions:
1. Both for the assembly and disassembly behaviour of
the snap-fit connections of the Kookmin SF75H
panels and for the transverse bending behaviour, from
the comparison between numerical and experimental
results, one may conclude that the numerical
modelling techniques used provided valid results,
namely in terms of the forces, damage and latch
openings registered, as well as regarding the analysis
of damage initiation and progression;
2. Concerning the numerical prediction for the assembly
and disassembly behaviour of the snap-fit connection
of the EasyFloor panels, in particular because of the
similarity between the numerical results of the
assembly force of the EasyFloor and Kookmin panels
and the fact that former (Kookmin panels) were easily
applied on site (only with the manual force of the
workers), the results suggest the ability of the snap-fit
connection of EasyFloor panels to be applied easily
and swiftly on-site without requiring specific
equipment for assembly in the rehabilitation of building
floors.
3. Regarding the transverse bending behaviour of the
EasyFloor panels, the numerical results also highlight
the potential of this structural system. They are a light
structural element, but with high strength and
stiffness, and consequently with low deformability
when bending in the transverse direction. However, it
is necessary in future works to confirm this numerical
behaviour through experimental tests.
4. In what concerns the analytical methodology adopted
in the prediction of the assembly forces for the snapfit connection of both panels, by comparing with the
numerical and experimental results, it can be
concluded that it is valid to predict the order of
magnitude of the assembly forces for each panel,
therefore establishing itself as a valid complementary
methodology for a preliminary study of assembly
processes in snap-fit type connections in composite
panels. However, it still requires additional calibration,
especially for more complex connection cases.
5. Finally, the results obtained suggest the overall
viability and feasibility of the EasyFloor panels and
their interconnection using a snap-fit assembly system
without adhesives for application in building floor
rehabilitation; this applies to their assembly and
disassembly behaviour expected on-site, and in what
concerns their transverse bending behaviour, namely
in terms of strength, stiffness and deformability in an
elastic regimen.
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